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A b s t r a c t  
and 
T . M .  OIMara* 
George Washington U n i v e r s i t y  
Washington, D .C .  20052 
A f l i g h t  t e s t  was pe r fo rmed  w i t h  t h e  NASA 
Lewis Research C e n t e r ' s  DH-6 i c i n g  r e s e a r c h  a i r -  
c r a f t .  The purpose was t o  employ a f l i g h t  t e s t  
p rocedure  and d a t a  a n a l y s i s  method, t o  de te rm ine  
t h e  accu racy  w i t h  wh ich  t h e  e f f e c t s  o f  i c e  on a i r -  
c r a f t  s t a b i l i t y  and c o n t r o l  c o u l d  be measured. 
Fo r  s i m p l i c i t y ,  f l i g h t  t e s t i n g  was r e s t r i c t e d  t o  
t h e  s h o r t  p e r i o d  l o n g i t u d i n a l  mode. 
Two f l i g h t s  were f l o w n  i n  a c l e a n  ( b a s e l i n e )  
c o n f i g u r a t i o n ,  and two f l i g h t s  were f l o w n  w i t h  
s i m u l a t e d  h o r i z o n t a l  t a i l  i c e .  F o r t y - f i v e  r e p e a t  
d o u b l e t  maneuvers were performed i n  each o f  f o u r  
t e s t  c o n f i g u r a t i o n s ,  a t  a g i v e n  trim speed, t o  
de te rm ine  t h e  ensemble v a r i a t i o n  o f  t h e  e s t i m a t e d  
s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s .  A d d i t i o n a l  
maneuvers were a l s o  pe r fo rmed  i n  each c o n f i g u r a -  
t i o n ,  t o  d e t e r m i n e  t h e  v a r i a t i o n  i n  t h e  l o n g i t u d i -  
n a l  d e r i v a t i v e  e s t i m a t e s  o v e r  a wide range o f  t r i m  
speeds. 
S t a b i l i t y  and c o n t r o l  d e r i v a t i v e s  were e s t i -  
mated by a M o d i f i e d  S tepw ise  Regress ion  (MSR)  
t e c h n i q u e .  A measure of t h e  c o n f i d e n c e  i n  t h e  
d e r i v a t i v e  e s t i m a t e s  was o b t a i n e d  by compar ing t h e  
s t a n d a r d  e r r o r  for  t h e  ensemble of  r e p e a t  maneu- 
v e r s ,  t o  t h e  average o f  t h e  e s t i m a t e d  s t a n d a r d  
e r r o r s  p r e d i c t e d  by t h e  MSR program. A m u l t i p l i c -  
a t i v e  r e l a t i o n s h i p  was de te rm ined  between t h e  
ensemble s t a n d a r d  error, and t h e  averaged program 
s t a n d a r d  e r r o r s .  I n  a d d i t i o n ,  a 95 p e r c e n t  c o n f i -  
dence i n t e r v a l  a n a l y s i s  was pe r fo rmed  for  t h e  e l e -  
v a t o r  e f f e c t i v e n e s s  e s t i m a t e s ,  Cmbe. 
i d e n t i f i e d  t h e  speed range where changes i n  
c o u l d  be a t t r i b u t e d  t o  i c i n g  e f f e c t s .  
t i v e  e s t i m a t e s  were s t r o n g l y  dependent on f l i g h t  
speed and a i r c r a f t  w ing  f l a p  c o n f i g u r a i t o n .  
T h i s  a n a l y s i s  
Crn6e 
The magni tude o f  i c i n g  e f f e c t s  on t h e  d e r i v a -  
W i t h  
wing f l a p s  up, t h e  e s t i m a t e d  d e r i v a t i v e s  were 
degraded most a t  l ower  speeds c o r r e s p o n d i n g  t o  
t h a t  c o n f i g u r a t i o n .  W i t h  w ing  f l a p s  extended t o  
l o " ,  t h e  e s t i m a t e d  d e r i v a t i v e s  were degraded most 
a t  t h e  h i g h e r  c o r r e s p o n d i n g  speeds. 
The e f f e c t s  o f  i c i n g  on t h e  changes i n  l o n g i -  
t u d i n a l  s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s  were 
adequa te l y  de te rm ined  by t h e  f l i g h t  t e s t  p rocedure  
and t h e  MSR a n a l y s i s  method d i s c u s s e d  h e r e i n .  
L i s t  o f  Symbols and A b b r e v i a t i o n s  
- 
C 
w ing  span, m 
r o l l ,  p i t c h ,  and yaw moment c o e f i -  
c i e n t s ,  r e s p e c t i v e l y  
l o n g i t u d i n a l ,  l a t e r a l ,  and v e r t i -  
c a l  f o r c e  c o e f f i c i e n t s ,  
r e s p e c t i v e l y  
mean aerodynamic cho rd ,  m 
a i r p l a n e  c e n t e r  o f  g r a v i t y  
a c c e l e r a t i o n  due t o  g r a v i t y  
moments o f  i n e r t i a ,  kg-m2 
p r o d u c t  o f  i n e r t i a ,  k g - d  
c o s t  f u n c t i o n  for  S tepw ise  Regres- 
s i o n  A l g o r i t h m  
k n o t s  i n d i c a t e d  a i r s p e e d ,  k ts  
a i r c r a f t  mass, k g  
number o f  p o i n t s  
r o l l ,  p i t c h ,  and yaw r a t e s ,  respec -  
t i v e l y ,  r a d l s e c  o r  deg/sec 
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wing a r e a ,  m2 
s h a f t  horsepower,  hp 
l o n g i t u d i n a l ,  l a t e r a l ,  and v e r t i -  
c a l  v e l o c i t y  components 
t o t a l  a i r s p e e d ,  m/s or  k n o t s  as 
g i v e n  b y  (u2  + v2 + w 2 ) 1 / 2  
measured a i r c r a f t  response or con- 
t r o l  s u r f a c e  i n p u t  
l i n e a r  a p p r o x i m a t i o n  o f  Cm6e c o r r e -  
spond ing  t o  some xo ( v e l o c i t y )  
computed aerodynamic c o e f f i c i e n t s  
c o r r e c t e d  ( f r e e  s t ream)  a n g l e  o f  
a t t a c k ,  r a d  or deg 
a n g l e  o f  s i d e s l i p ,  r a d  or deg 
e l e v a t o r  d e f l e c t i o n ,  r a d  or deg 
aerodynamic s t a b i l i t y  or c o n t r o l  
parameters  
c o n s t a n t  o f f s e t  t e r m  
d e r i v a t i v e  w . r . t .  some response or 
c o n t r o l  s u r f a c e  i n p u t  
p i t c h  and r o l l  a n g l e s ,  respec-  
t i v e l y ,  r a d  or deg 
a i r  d e n s i t y ,  kg/m3 
v a r i a n c e  e s t i m a t e  o f  measurement 
n o i s e  
I n t r o d u c t i o n  
Modern t r a n s p o r t  a i r c r a f t ,  c e r t i f i e d  f o r  
f l i g h t  i n  i c i n g  c o n d i t i o n s ,  n o r m a l l y  employ i c e  
p r o t e c t i o n  systems t o  p r e v e n t  i c e  from accumula t -  
i n g  o n  c r i t i c a l  l i f t i n g  components. I f  t h e s e  
systems f a i l ,  or a r e  i m p r o p e r l y  o p e r a t e d ,  i c e  can 
form o n  t h e s e  components and pose a s e r i o u s  t h r e a t  
t o  s a f e  f l i g h t  c h a r a c t e r i s t i c s .  T h i s  p rob lem,  
wh ich  i s  a c o n t i n u a l  concern  f o r  c u r r e n t  genera- 
t i o n  a i r c r a f t ,  w i l l  be o f  even g r e a t e r  concern  f o r  
f u t u r e  g e n e r a t i o n  a i r c r a f t  e m p l o y i n g  advanced p r o -  
p u l s i o n  systems and o p t i m i z e d  aerodynamic d e s i g n s .  
F o r  example, h i g h  p r o p u l s i v e  e f f i c i e n c y  e n g i n e s  
such as p r o p f a n s ,  may n o t  p r o v i d e  s u f f i c i e n t  b l e e d  
a i r  for  w ing  and t a i l  a n t i - i c i n g .  The use of 
e n e r g y - e f f i c i e n t  d e - i c i n g  systems, w h i c h  r e q u i r e  
some s m a l l  b u i l d - u p  o f  i c e  b e f o r e  a c t i v a t i o n ,  w i l l  
be t h e i r  l i k e l y  rep lacement .  A i r c r a f t  equ ipped 
w i t h  t h e s e  systems w i l l  have t o  demonst ra te  
a c c e p t a b l e  f l y i n g  q u a l i t i e s  w i t h  some l e a d i n g  edge 
i c e  c o n t a m i n a t i o n ,  e s p e c i a l l y  when f l o w n  i n  t h e  
t a k e - o f f  or l a n d i n g  c o n f i g u r a t i o n .  T h i s  r e q u i r e -  
ment a l s o  a p p l i e s  t o  a i r c r a f t  whose aerodynamic 
e f f i c i e n c y ,  enhanced b y  advanced a i r f o i l  d e s i g n s  
and r e l a x e d  s t a t i c  s t a b i l i t y  c r i t e r i o n ,  i s  degraded 
when s m a l l  l e a d i n g  edge i c e  f o r m a t i o n s  o c c u r  
between d e - i c i n g  c y c l e s .  L i k e w i s e ,  a i r c r a f t  
employ ing  f u l l  f l i g h t  c o n t r o l  augmenta t ion  must 
a l s o  d i s p l a y  an a c c e p t a b l e  t o l e r a n c e  t o  t h e s e  
s m a l l  i c e  a c c r e t i o n s  and t o  t h o s e  l a r g e r  a c c r e -  
t i o n s  caused b y  i c e  p r o t e c t i o n  systems f a i l u r e s  
or  o p e r a t o r  e r r o r s .  
C u r r e n t l y ,  n o  a n a l y s i s  methodo log ies  e x i s t  
t h a t  p r o v i d e  t h e  c a p a b i l i t y  t o  p r e d i c t  t h e  e f f e c t  
o f  i c i n g  o n  a i r c r a f t  f l i g h t  c h a r a c t e r i s t i c s .  
T h e r e f o r e ,  w i t h i n  t h e  scope o f  t h e  NASA Lewis a i r -  
c r a f t  i c i n g  r e s e a r c h  program, a h i g h  p r i o r i t y  has 
been a s s i g n e d  i n  measur ing  t h e  e f f e c t s  o f  i c i n g  o n  
a i r c r a f t  per fo rmance and s t a b i l i t y  and c o n t r o l .  
E x p e r i m e n t a l  d a t a  a c q u i r e d  from f l i g h t  t e s t s  p r o -  
v i d e  t h e  b a s i s  f o r  v a l i d a t i n g  i c i n g  e f f e c t s  meth- 
o d o l o g i e s ,  and for  e s t a b l i s h i n g  c o r r e l a t i o n s  
between c o m p u t a t i o n a l  codes, w i n d  t u n n e l  t e s t s ,  
and f u l l  s c a l e  f l i g h t  t e s t s .  Performance t e s t -  
i n g ,  w h i c h  was e x t e n s i v e l y  d i s c u s s e d  i n  R e f s .  1 
and 2,  p r o v i d e d  r e a s o n a b l y  c o n s i s t e n t  r e s u l t s  and 
a h i g h  degree o f  c o n f i d e n c e  i n  measurement accu- 
r a c y .  As a r e s u l t ,  t h e s e  d a t a  a r e  now b e i n g  used 
i n  v a l i d a t i n g  c u r r e n t  methodo log ies  t h a t  p r e d i c t  
i c e  shape g r o w t h  and t h e i r  e f f e c t  o n  aerodynamic 
per fo rmance.  However, i n i t i a l  f l i g h t  t e s t i n g  t o  
e s t i m a t e  e f f e c t s  o f  i c i n g  o n  a i r c r a f t  s t a b i l i t y  
and c o n t r o l  d e r i v a t i v e s ,  showed t h a t  t h e  r e s u l t s  
c o u l d  be obscured by  t h e  i n h e r e n t  p r o b l e m  o f  n o t  
knowing t h e  t r u e  a c c u r a c y  o f  t h e  d e r i v a t i v e  e s t i -  
mates.  S t a b i l i t y  and c o n t r o l  f l i g h t  t e s t i n g  as 
r e p o r t e d  i n  Refs .  3 and 4 used an e a r l y  v e r s i o n  
o f  a M o d i f i e d  Maximum L i k e l i h o o d  E s t i m a t i o n  (MMLE) 
t e c h n i q u e  t o  e s t i m a t e  t h e  d e r i v a t i v e  v a l u e s .  The 
a c c u r a c i e s  o f  t h e s e  d e r i v a t i v e  e s t i m a t e s  were 
o b t a i n e d  b y  an a p p r o x i m a t i o n  t o  t h e  Cramer-Rao 
bound g i v e n  b y  t h e  maximum l i k e l i h o o d  a l g o r i t h m .  
Because i t  was known t h a t  t h e s e  e r r o r  e s t i m a t e s  
i n d i c a t e d  h i g h e r  a c c u r a c i e s  t h a n  t h o s e  w h i c h  can 
be a c h i e v e d  b y  r e p e a t e d  exper iments  ,5 and because 
t h e  d i f f e r e n c e s  between d e r i v a t i v e s  from t h e  base- 
l i n e  and i c e d  a i r c r a f t  were found t o  be s m a l l ,  i t  
was d e c i d e d  t o  conduct  f u r t h e r  f l i g h t  t e s t i n g  t o  
d e t e r m i n e  a r e a l i s t i c  a c c u r a c y  w i t h  wh ich  s t a b i l i t y  
and c o n t r o l  d e r i v a t i v e s  c o u l d  be e s t i m a t e d .  The 
purpose o f  t h i s  paper i s  t o  r e p o r t  o n  t h e  r e s u l t s  
o f  t h o s e  t e s t s ,  and t o  p r e s e n t  t h e  c o n c l u s i o n s  
drawn from t h e  d a t a  a n a l y s i s  programs. 
For  s i m p l i c i t y ,  t h e  f l i g h t  t e s t  p l a n  was 
s t r u c t u r e d  t o  examine o n l y  t h e  l o n g i t u d i n a l  s h o r t  
p e r i o d  c h a r a c t e r i s t i c s  o f  t h e  r e s e a r c h  a i r c r a f t .  
Four  d a t a  c o l l e c t i o n  f l i g h t s  were d e f i n e d :  two 
f l i g h t s ,  were f l o w n  c l e a n ;  and two f l i g h t s  were 
f l o w n  w i t h  an a r t i f i c i a l  i c e  shape ( d e s c r i b e d  l a t e r  
i n  t h i s  r e p o r t ) ,  a t t a c h e d  t o  t h e  l e a d i n g  edge o f  
t h e  h o r i z o n t a l  t a i l .  
F l i g h t  t e s t  maneuvers c o n s i s t e d  o f  numerous 
r e p e a t  e l e v a t o r  d o u b l e t s  a t  a s p e c i f i e d  t r i m  con- 
d i t i o n  t o  d e t e r m i n e  t h e  ensemble s t a n d a r d  d e v i a -  
t i o n  for  t h e  parameter  e s t i m a t e s .  A d d i t i o n a l  
maneuvers were a l s o  f l o w n  o v e r  t h e  e n t i r e  l e v e l  
f l i g h t  a n g l e  o f  a t t a c k  enve lope t o  o b t a i n  d e r i v a -  
t i v e  e s t i m a t e s  for  d i f f e r e n t  f l i g h t  c o n d i t i o n s .  
F l i g h t  t e s t  maneuvers were a n a l y z e d  u s i n g  a modi- 
f i e d  s t e p w i d e  r e g r e s s i o n  (MSR) a l g o r i t h m .  The 
r e s u l t s  a r e  d i s c u s s e d  r e l a t i v e  t o  t h e  a c c u r a c y  o f  
t h e  d e r i v a t i v e  e s t i m a t e s ,  and t o  t h e  d i f f e r e n c e s  
between t h e  e s t i m a t e s  o b t a i n e d  for t h e  u n i c e d  
v e r s u s  i c e d  h o r i z o n t a l  t a i l .  Some c o n c l u s i o n s  
a r e  a l s o  drawn as t o  t h e  p h y s i c a l  i n t e r p r e t a t i o n  
o f  t h e  d e r i v a t i v e  e s t i m a t e s  and t h e i r  r e l e v a n c e  
t o  a i r c r a f t  h a n d l i n g  c h a r a c t e r i s t i c s .  F o l l o w i n g  
t h e  i n t r o d u c t i o n ,  t h i s  paper  i s  o r g a n i z e d  i n  sec- 
t i o n s  wh ich  d e s c r i b e  t h e  r e s e a r c h  a i r p l a n e ,  
I 2 
? 
i n s t r u m e n t a t i o n ,  f l i g h t  t e s t  maneuvers, d a t a  
r e d u c t i o n  and a n a l y s i s  techn iques ,  accu racy  o f  
t h e  d e r i v a t i v e  e s t i m a t e s ,  e f f e c t s  o f  t a i l  i c e  on 
h a n d l i n g  c h a r a c t e r i s t i c s  and c o n c l u s i o n s .  
Research A i r c r a f t  
The NASA Lewis i c i n g  r e s e a r c h  a i r c r a f t  shown 
i n  F i g .  1 ,  i s  a m o d i f i e d  D e H a v i l l a n d  DH-6 Twin 
O t t e r .  I t  i s  powered by two 550 SHP P r a t t  and 
Whi tney PT6A-20A t u r b i n e  engines d r i v i n g  t h r e e  
b l a d e d  H a r t z e l l  c o n s t a n t  speed p r o p e l l e r s .  Phys i -  
c a l  d imens ions ,  mass, and i n e r t i a l  s p e c i f i c a t i o n s  
f o r  t h e  a i r c r a f t  a r e  f o u n d  i n  Table I. 
The f l i g h t  c o n t r o l s  a r e  m e c h a n i c a l l y  o p e r a t e d  
t h r o u g h  a system o f  c a b l e s  and p u l l e y s .  
d roop  as wing f l a p s  ex tend .  T h e i r  degree o f  move- 
ment i n c r e a s e s  i n  p r o p o r t i o n  t o  t h e  amount o f  w ing  
f l a p  e x t e n s i o n .  There a r e  two t r i m  tabs  on t h e  
e l e v a t o r .  The r i g h t  t a b  i s  i n t e r c o n n e c t e d  w i t h  t h e  
w ing  f l a p  system to  p r o v i d e  a u t o m a t i c  l o n g i t u d i n a l  
compensat ion as t h e  w ing  f l a p s  a r e  o p e r a t e d .  The 
l e f t  t r i m  t a b  i s  an a d j u s t a b l e  t a b ,  which i s  ope r -  
a t e d  by t h e  p i l o t .  
For  f l i g h t s  where an a r t i f i c i a l  i c e  shape was 
used t o  s i m u l a t e  a moderate g l a z e  i c i n g  c o n d i t i o n  
on t h e  t a i l ,  formed aluminum caps were p l a c e d  o v e r  
t h e  l e f t  and r i g h t  l e a d i n g  edges o f  t h e  h o r i z o n t a l  
t a i l ,  and h e l d  i n  p l a c e  w i t h  s t r a p s  and clamps. 
A r t i f i c i a l  i c e  c u t  from Sty ro foam was t h e n  secured 
t o  t h e  t a i l  caps w i t h  doub le  s i d e d  tape .  The 
geometry  and p o s i t i o n i n g  o f  t h e  a r t i f i c i a l  i c e  was 
based on an a c t u a l  t a i l  i c i n g  c o n d i t i o n  r e c o r d e d  
on an e a r l i e r  r e s e a r c h  f l i g h t  i n  n a t u r a l  i c i n g  
c l o u d s .  The e n t i r e  ar rangement  i s  shown i n  F i g .  2 .  
I n s t r u m e n t a t i o n  
A i l e r o n s  
The i c i n g  r e s e a r c h  a i r c r a f t  was equipped w i t h  
t h r e e  l i n e a r  c o n t r o l  p o s i t i o n  t r a n s d u c e r s  (CPT)  t o  
measure t h e  p o s i t i o n  o f  t h e  e l e v a t o r ,  a i l e r o n s ,  
and r u d d e r .  The e l e v a t o r  CPT measured e l e v a t o r  
p o s i t i o n  a t  t h e  c o n t r o l  h o r n  t o  e l i m i n a t e  c o r r e c -  
t i o n s  for  c a b l e  s t r e t c h .  F l a p  p o s i t i o n ,  c o n s t a n t  
for  a g i v e n  maneuver, was m a n u a l l y  reco rded  from 
t h e  f l a p  p o s i t i o n  i n d i c a t o r  i n  t h e  c o c k p i t .  
and a n g l e  o f  s i d e s l i p  were measured by means of 
sensors l o c a t e d  on t h e  f l i g h t  t e s t  nose boom, 
F i g .  3 .  P i t o t - s t a t i c  p r e s s u r e s  were sensed by a 
Rosemount 858 probe,  wh ich  had been c a l i b r a t e d  by 
t h e  " t r a i l i n g  cone" method. The h i g h  f r e q u e n c y  
response a n g l e  o f  a t t a c k  and a n g l e  o f  s i d e s l i p  
vanes, were c o n s t r u c t e d  from b a l s a  wood, and b a l -  
anced by a "heavy-meta l "  c o u n t e r w e i g h t .  Ang le  o f  
a t t a c k  was r e f e r e n c e d  t o  t h e  f u s e l a g e  r e f e r e n c e  
l i n e ,  wh ich  i s  c o i n c i d e n t  w i t h  t h e  a i r c r a f t  f loor  
l i n e ,  and a n g l e  o f  s i d e s l i p  was r e f e r e n c e d  t o  t h e  
a i r c r a f t  l o n g i t u d i n a l  a x i s .  
Kohlman Systems Research, I n c . ,  Lawrence 
Kansas under  c o n t r a c t  t o  NASA, p r o v i d e d  a s t a b i l i t y  
and c o n t r o l  d a t a  a c q u i s i t i o n  system (DAS) .  T h i s  
system c o n s i s t e d  o f  an a t t i t u d e  g y r o ,  t h r e e  a x i s  
o r t h o g o n a l  a c c e l e r o m e t e r s ,  t h r e e  a x i s  a n g u l a r  r a t e  
g y r o s ,  and a d i g i t a l  d a t a  r e c o r d i n g  system which 
r e c o r d e d  21 channe ls  o f  f l i g h t  t e s t  parameters 
w i t h  12 b i t s  p e r  channe l .  A l l  d a t a  were r e c o r d e d  
on-board a t  20 Samples p e r  Second ( S P S ) ,  and a l l  
channe ls  were sampled w i t h i n  one m i l l i s e c o n d  by 
A i r s p e e d ,  p r e s s u r e  a l t i t u d e ,  a n g l e  o f  a t t a c k  
t h e  DAS. Because o f  b u f f e r  l i m i t a t i o n s ,  o n l y  
24 sec o f  20 SPS d a t a  c o u l d  be o b t a i n e d  b e f o r e  t h e  
b u f f e r  c o n t e n t s  had t o  be w r i t t e n  on t o  a cas- 
s e t t e  tape .  The w r i t e - o f f  p e r i o d  was n o m i n a l l y  60 
t o  90 sec. Hence, a l l  f l i g h t  t e s t  maneuvers were 
p lanned  t o  l a s t  no more t h a n  24 sec. 
w r i t e - o f f  p e r i o d ,  t h e  a i r c r a f t  would be r e p o s i -  
t i o n e d  and t r immed f o r  t h e  n e x t  d a t a  p o i n t .  
l i s t  o f  reco rded  parameters,  ranges ,  and s e n s i t i v -  
i t i e s  i s  p r o v i d e d  i n  Table 11. 
D u r i n g  t h e  
The 
F l i g h t  T e s t i n g  
The c e n t e r  o f  g r a v i t y  o f  t h e  a i r c r a f t  was 
measured e x p e r i m e n t a l l y .  These measurements 
r e p r e s e n t e d  t h e  z e r o - f u e l  mass c h a r a c t e r i s t i c s  o f  
t h e  a i r c r a f t  and were c o r r e c t e d  i n  t h e  a n a l y s i s  
program for  a c t u a l  crew and f u e l  w e i g h t s  r e c o r d e d  
d u r i n g  each f l i g h t  t e s t  maneuver. 
L o n g i t u d i n a l  s t a b i l i t y  and c o n t r o l  f l i g h t  
t e s t i n g  was accompl ished i n  f o u r  a i r p l a n e  c o n f i g u -  
r a t i o n s  d e f i n e d  a c c o r d i n g  t o  wing f l a p  s e t t i n g  and 
t h e  s i m u l a t e d  i c i n g  c o n d i t i o n  o f  t h e  h o r i z o n t a l  
t a i l  p l a n e .  They were: 
( 1 )  C lean t a i l ,  w ing f l a p s  up (0" )  
( 2 )  Clean t a i l ,  w ing f l a p s  10" 
(3) A r t i f i c i a l  h o r i z o n t a l  t a i l  i c i n g ,  w ing  
( 4 )  A r t i f i c i a l  h o r i z o n t a l  t a i l  i c i n g ,  w ing  
f l a p s  up (0") 
f l a p s  10" 
A c o n s t a n t  eng ine  power s e t t i n g  a s s o c i a t e d  
w i t h  each wing f l a p  c o n d i t i o n ,  was used w h i l e  
e x e c u t i n g  f l i g h t  t e s t  maneuvers. T h i s  e l i m i n a t e d  
eng ine  power as a v a r i a b l e  i n  t h e  d e r i v a t i v e  e s t i -  
mates. Two hundred s e v e n t y - f i v e  SHPIengine was 
used for  t h e  0" w ing  f l a p  cases, and 219 S H P l  
eng ine  was used i n  t h e  10" wing f l a p  cases.  
The s t a n d a r d  sma l l  a m p l i t u d e  i n p u t  was a 
"2-1" e l e v a t o r  d o u b l e t  which was des igned  t o  
e x c i t e  t h e  s h o r t  p e r i o d  l o n g i t u d i n a l  mode o f  t h e  
a i r p l a n e .  E l e v a t o r  c o n t r o l  column d e f l e c t i o n  was 
i n p u t  by t h e  p i l o t  t o  e f f e c t  a p lanned  20.3 g v e r -  
t i c a l  a c c e l e r a t i o n  from 1.0 g l e v e l  f l i g h t ,  how- 
e v e r ,  due t o  an erroneous c o c k p i t  a c c e l e r o m e t e r ,  
t hese  maneuvers were more on t h e  o r d e r  o f  e l . 0  g 
v e r t i c a l  a c c e l e r a t i o n .  A t y p i c a l  example o f  one 
o f  t hese  d o u b l e t  maneuvers i s  shown i n  F i g .  4 .  
F o r t y - f i v e  s e t s  o f  i d e n t i c a l  s m a l l  a m p l i t u d e  
d o u b l e t s  were pe r fo rmed  a t  a g i v e n  f l i g h t  cond i -  
t i o n  i n  each c o n f i g u r a t i o n  t o  d e t e r m i n e  t h e  accu- 
r a c y  o f  t h e  l o n g i t u d i n a l  s t a b i l i t y  and c o n t r o l  
d e r i v a t i v e  e s t i m a t e s .  For t h e  0" f l a p  c o n f i g u r a -  
t i o n s ,  r e p e a t  d o u b l e t s  were i n i t i a t e d  from a 
l e v e l ,  u n a c c e l e r a t e d  f l i g h t  c o n d i t i o n  a t  a t r i m  
speed o f  120 K I A S .  For t h e  10" f l a p  c o n f i g u r a -  
t i o n s ,  t hese  d o u b l e t s  were i n i t i a t e d  from a 
l e v e l ,  u n a c c e l e r a t e d  f l i g h t  c o n d i t i o n  a t  a t r i m  
speed o f  100 K I A S .  
A d d i t i o n a l  sma l l  a m p l i t u d e  d o u b l e t s  were 
t h e n  pe r fo rmed  i n  each c o n f i g u r a t i o n  a t  incremen- 
t a l l y  h i g h e r  ang les  o f  a t t a c k  ( l o w e r  trim speeds) .  
Power s e t t i n g s  a s s o c i a t e d  w i t h  each f l a p  con f igu -  
r a t i o n  remained c o n s t a n t  fo r  these  maneuvers, 
t h e r e f o r e  d o u b l e t  maneuvers i n i t i a t e d  a t  t h e  l o w e r  
t r i m  speeds were pe r fo rmed  i n  c l i m b s  t h r o u g h  a 
median t e s t  a l t i t u d e .  
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Data Reduc t ion  and A n a l y s i s  Technique 
The reco rded  c a s e t t e  tapes from each f l i g h t  
were i n i t i a l l y  s e n t  t o  KSR, I n c . ,  where t h e  d a t a  
were reduced t o  e n g i n e e r i n g  u n i t s  and r e w r i t t e n  
on n i n e - t r a c k  magnet ic  tape .  These d a t a  s e t s  were 
then  t r a n s f e r r e d  t o  t h e  NASA Lang ley  Research Cen- 
t e r ,  A i r c r a f t  Guidance and C o n t r o l  Branch,  fo r  
s t a b i l i t y  and c o n t r o l  a n a l y s i s .  
t o  c o r r e c t  t h e  measured d a t a  f o r  a l l  known e r r o r s .  
A l l  sensor d a t a  w e r e  c o r r e c t e d  f o r  c .g .  o f f s e t ,  
ang le  o f  a t t a c k  d a t a  were c o r r e c t e d  f o r  upwash and 
boom bend ing  e f f e c t s ,  and s e v e r a l  f l i g h t  maneuvers 
were ana lyzed  w i t h  a maximum l i k l e h o o d  a l g o r i t h m 6  
t o  e s t i m a t e  i n s t r u m e n t  b iases  and s c a l e  f a c t o r s .  
These e s t i m a t e d  c o r r e c t i o n s ,  when a p p l i e d  t o  t h e  
measured d a t a ,  produced d a t a  s e t s  wh ich  were ready  
f o r  model s t r u c t u r e  d e t e r m i n a t i o n  and parameter  
e s t i m a t i o n .  
The f i rst  s t e p  i n  t h e  a n a l y s i s  p rocedure  was 
For  t h e  model s t r u c t u r e  d e t e r m i n a t i o n  p roce -  
du re ,  i t  was assumed t h a t ,  
( 1 )  The genera l  e q u a t i o n s  o f  r i g i d  body 
m o t i o n  a d e q u a t e l y  d e f i n e  t h e  a i r p l a n e  m o t i o n .  
(See append ix )  
( 2 )  The model f o r  t h e  aerodynamic fo rce -and-  
m o m e n t - c o e f f i c i e n t s  can be r e p r e s e n t e d  by m u l t i -  
v a r i a b l e  p o l y n o m i a l s  i n  response and c o n t r o l  
v a r i a b l e s .  The parameters i n  these  e q u a t i o n s  a r e  
t h e  c o e f f i c i e n t s  o f  t h e  T a y l o r  s e r i e s  expans ion  
around t h e  v a l u e s  c o r r e s p o n d i n g  t o  t h e  i n i t i a l  
s t e a d y - s t a t e  f l i g h t .  
s i o n  make g e n e r a l l y  l a r g e r  c o n t r i b u t i o n  t o  aerody-  
namic f u n c t i o n s ,  f o l l o w e d  by h i g h e r - o r d e r  te rms .  
The t h i r d  assumpt ion,  r e s u l t i n g  i n  a con- 
s t r a i n t  on t h e  s e l e c t i o n  o f  s i g n i f i c a n t  terms i n  
t h e  r e g r e s s i o n  e q u a t i o n ,  i s  what g i v e s  r i s e  t o  t h e  
M o d i f i e d  S tepw ise  Regress ion  (MSR) t e c h n i q u e .  
s i o n ,  which can de te rm ine  t h e  s t r u c t u r e  o f  t h e  
aerodynamic model e q u a t i o n s ,  and e s t i m a t e  t h e  
model pa ramete rs .  The d e t e r m i n a t i o n  o f  an ade- 
qua te  model fo r  t h e  aerodynamic c o e f f i c i e n t s  
i n c l u d e s  t h r e e  s t e p s :  t h e  p o s t u l a t i o n  o f  t e r m s  
t h a t  m i g h t  e n t e r  t h e  model, s e l e c t i o n  o f  an ade- 
qua te  model ,  and t h e  v e r i f i c a t i o n  o f  t h e  model 
s e l e c t e d .  The genera l  f o r m  o f  aerodynamic model 
e q u a t i o n s  can be w r i t t e n  as 
(3) L i n e a r  terms i n  t h e  T a y l o r  s e r i e s  expan- 
MSR i s  a m o d i f i e d  v e r s i o n  of  l i n e a r  r e g r e s -  
y ( t )  = 80 + 01x l ( t )  + . . . + 0 n x n ( t )  ( 1 )  
where y ( t )  r e p r e s e n t s  t h e  r e s u l t a n t  c o e f f i c i e n t  
o f  aerodynamic f o r c e  or moment. I n  t h e  po lynomi -  
n a l  r e p r e s e n t a t i o n  o f  t h e  aerodyamic c o e f f i c i e n t ,  
01 to  0n  a r e  t h e  s t a b i l i t y  and c o n t r o l  d e r i v a -  
t i v e s ,  8, i s  t h e  v a l u e  o f  any p a r t i c u l a r  c o e f f i -  
c i e n t  c o r r e s p o n d i n g  t o  t h e  i n i t i a l  s t e a d y - f l i g h t  
c o n d i t i o n s ,  and x i  t o  Xn a r e  t h e  r e g r e s s o r s  
formed bv t h e  a i m l a n e  o u t D u t  and c o n t r o  
b l e s  or i h e i r  combinat ions ’ .  
For  example, i f  we l e t  y = Cm, t h e  
p i t c h i n g  moment c o e f f i c i e n t ,  we may choo 
c a n d i d a t e  v a r i a b l e s ,  X i ,  X2,. . . Xn, as 
a 
e 
a r  i a- 
r p l  ane 
t h e  
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and t h e i r  c o r r e s p o n d i n g  c o e f f i c i e n t s  as t h e  
s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s :  
(2 )  
‘m be ‘m a6e cma26e ‘m R 3 
A f t e r  p o s t u l a t i n g  t h e  aerodynamic model equa- 
t i o n s ,  t h e  d e t e r m i n a t i o n  o f  s i g n i f i c a n t  terms 
among t h e  c a n d i d a t e  v a r i a b l e s  and e s t i m a t i o n  o f  
t h e  c o r r e s p o n d i n g  parameters f o l l o w s .  The v a r i a -  
b l e  chosen f o r  e n t r y  i n t o  t h e  r e g r e s s i o n  e q u a t i o n  
i s  t h e  one t h a t  has t h e  l a r g e s t  c o r r e l a t i o n  w i t h  
y a f t e r  a d j u s t i n g  f o r  t h e  e f f e c t  on y o f  t h e  
v a r i a b l e s  a l r e a d y  s e l e c t e d .  The parameters a r e  
e s t i m a t e d  by m i n i m i z i n g  t h e  c o s t  f u n c t i o n  
where N i s  t h e  number o f  d a t a  p o i n t s  and (!L + 1 )  
i s  t h e  number o f  parameters i n  t h e  r e g r e s s i o n  
e q u a t i o n  a t  any s t e p .  
A t  e v e r y  s t e p  o f  t h e  r e g r e s s i o n ,  t h e  v a r i a -  
b l e s  i n c o r p o r a t e d  i n t o  t h e  model i n  p r e v i o u s  s tages  
and a new v a r i a b l e  e n t e r i n g  t h e  model a r e  reex -  
amined. 
c a n t  c o n t r i b u t i o n  (due t o  c o r r e l a t i o n  w i t h  more 
r e c e n t l y  added terms)  i s  removed f rom t h e  model. 
The p rocess  o f  s e l e c t i n g  and check ing  v a r i a b l e s  
c o n t i n u e s  u n t i l  no more v a r i a b l e s  a r e  a d m i t t e d  t o  
t h e  e q u a t i o n  and no  more a r e  r e j e c t e d .  Exper ience  
shows, however, t h a t  t h e  model based o n l y  on t h e  
s i g n i f i c a n c e  o f  i n d i v i d u a l  parameters i n  t h e  model 
i n  Eq. ( 1 )  can s t i l l  i n c l u d e  too many terms and, 
t h e r e f o r e ,  may have poor  p r e d i c t i o n  c a p a b i l i t i e s .  
Severa l  c r i t e r i a  for  t h e  s e l e c t i o n  o f  an adequate 
model a r e  i n t r o d u c e d  i n  Re f .  7 ,  and t h e  d e t a i l s  o f  
t h e  e n t i r e  p rocedure  a r e  e x p l a i n e d  i n  t h a t  
r e f e r e n c e .  
A p p l y i n g  these  c r i t e r i a ,  an adequate model 
e q u a t i o n  for  t h e  a i r p l a n e  p i t c h i n g  moment c o e f f i -  
c i e n t  was d e f i n e d  by a T a y l o r  S e r i e s  expans ion ,  
Any v a r i a b l e  t h a t  p r o v i d e s  a n o n s i g n i f i -  
c = c  + C, a + C, 6e + Cmq E ( 5 )  mo a 6e 
t h e  s o l u t i o n  o f  wh ich  p r o v i d e d  an adequate f i t  t o  
t h e  measured f l i g h t  d a t a .  
t h i s  p rocedure  was used t o  e s t i m a t e  t h e  o t h e r  l o n -  
g i t u d i n a l  s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s  
d e s c r i b e d  i n  t h i s  r e p o r t .  The ana lyses  for  t h e  
C, and Cm d e r i v a t i v e  e s t i m a t e s ,  and t h e  r e l a -  
t i v e  e f f e c t s  o f  t a i l  i c i n g  on these  e s t i m a t e s  i s  
g i v e n  i n  F i g s .  5 t o  8 .  A p h y s i c a l  i n t e r p r e t a t i o n  
o f  these  r e s u l t s  w i l l  be d i s c u s s e d  i n  a l a t e r  
s e c t i o n  o f  t h i s  r e p o r t .  
I n  a s i m i l a r  manner, 
4 
r) 
Accuracy o f  t h e  D e r i v a t i v e  E s t i m a t e s  
The 45 r e p e a t  d o u b l e t  maneuvers, i d e n t i c a l l y  
execu ted  i n  each o f  t h e  f o u r  c o n f i g u r a t i o n s ,  p ro -  
v i d e d  a s t a t i s t i c a l l y  s i g n i f i c a n t  d a t a  base f o r  
pa ramete r  and e r r o r  e s t i m a t e  accu racy  s t u d i e s .  
The s t a n d a r d  e r r o r  c a l c u l a t e d  f o r  each ensemble 
o f  parameter  e s t i m a t e s  v e r i f i e d  t h e  e f f e c t i v e n e s s  
o f  maneuver s e l e c t i o n  t h r o u g h  demonstrated r e p e a t -  
a b i l i t y  o f  t h e  p r e d i c t e d  pa ramete rs .  I n  a d d i t i o n ,  
a compar ison o f  t h e  average o f  t h e  s t a n d a r d  e r r o r  
v a l u e s  e s t i m a t e d  by t h e  computer program to  t h e  
s t a n d a r d  e r r o r  f o r  t h e  ensemble, p r o v i d e d  an e v a l -  
u a t i o n  o f  how r e a l i s t i c  t h e  program e s t i m a t e d  
s t a n d a r d  e r r o r  v a l u e s  were. 
Repeat maneuvers were ana lyzed  u s i n g  t h e  Mod- 
i f i e d  S tepw ise  Regress ion  and t h e  r e s u l t i n g  mean 
v a l u e s  o f  c o e f f i c i e n t s  were comp i led  i n  Table 111. 
Accompanying each parameter  e s t i m a t e  i s  t h e  ave r -  
age s t a n d a r d  e r r o r  a s s o c i a t e d  w i t h  i t  as g i v e n  by 
t h e  e s t i m a t i o n  a l g o r i t h m ,  t h e  s t a n d a r d  e r r o r  f o r  
t h e  ensemble o f  v a l u e s  f r o m  t h e  45 r e p e a t  maneu- 
v e r s ,  and t h e  r a t i o  o f  t h e  two. The r a t i o  g i v e n  
for  each parameter  i s  t h e  f a c t o r  by wh ich  t h e  p ro -  
gram e s t i m a t e d  s t a n d a r d  e r r o r  for  t h a t  parameter  
s h o u l d  be m u l t i p l i e d  t o  produce a r e a l i s t i c  
expec ted  s t a n d a r d  e r r o r .  For example, t h e  s tand-  
a r d  e r r o r  e s t i m a t e d  b y  MSR for Cza s h o u l d  be 
m u l t i p l i e d  by 2.9 t o  ach ieve  a r e a l i s t i c  a p p r o x i -  
m a t i o n  t o  an a c t u a l  ensemble s t a n d a r d  e r r o r .  
A fundamenta l  i s s u e  t h r o u g h o u t  t h i s  r e s e a r c h  
i s  t h a t  o f  d i s t i n g u i s h i n g  between t h e  e f f e c t s  o f  
i c e  and t h e  i n h e r e n t  v a r i a b i l i t y  o f  p r e d i c t e d  
pa ramete rs .  I n  a d d i t i o n  t o  t h e  e r r o r  a n a l y s i s  
pe r fo rmed  on t h e  v a l u e s  o b t a i n e d  f r o m  t h e  45 
r e p e a t  maneuvers, t h e  Cmro e s t i m a t e s  f o r  t h e  0" 
s t a n d a r d  e r r o r  fo r  v a l u e s  o f  
'm 6e 
s ( y )  = spA(y)  * R a t i o  o f  ensemble t o  program 
average o b t a i n e d  from 
Tab le  111. 
R 
The r e s u l t i n g  i n t e r v a l  i s  one w i t h i n  which we 
can expec t  95 p e r c e n t  o f  a l l  p r e d i c t e d  e l e v a t o r  
e f f e c t i v e n e s s  v a l u e s  t o  f a l l .  F i g u r e  9 p r e s e n t s  
these  p r e d i c t i o n  i n t e r v a l s  and g i v e s  an i l l u s t r a -  
t i o n  o f  b o t h  t h e  a reas  i n  wh ich  i c i n g  e f f e c t s  a r e  
d i s c e r n a b l e  as w e l l  as t h e  speed range  i n  which w e  
cannot  a t t r i b u t e  any change i n  Cm6. t o  t h e  a r t i -  
f i c i a l  i c e  shape. A s i m i l a r  a n a l y s i s  can be done 
on o t h e r  parameters by f i t t i n g  them i n  a p i e c e w i s e  
l i n e a r  f a s h i o n .  
E f f e c t s  o f  T a i l  I c e  on H a n d l i n g  C h a r a c t e r i s t i c s  
The e f f e c t s  o f  i c i n g  on t h e  h o r i z o n t a l  t a i l  
p l a n e  were o b t a i n e d  b y  a n a l y z i n g  a l l  o f  t h e  dou- 
b l e t  maneuvers execu ted  t h r o u g h o u t  t h e  a t t a i n a b l e  
ranges o f  speed and a n g l e  o f  a t t a c k .  
l y z e d  r e s u l t s  o f  t hese  maneuvers, i n  t h e  form o f  
t h e  e s t i m a t e d  s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s ,  
a r e  p r e s e n t e d  i n  F i g s .  5 t o  8 .  Each parameter  
v a l u e  i s  p l o t t e d  w i t h  +2u e r r o r  b a r s  based on t h e  
s t a n d a r d  e r r o r  as g i v e n  by t h e  computer program. 
The MSR a n a l y s i s  i n d i c a t e d  t h a t  no  n o n l i n e a r  terms 
were r e q u i r e d  f o r  an adequate aerodynamic model. 
The MSR ana- 
f l a p  c o n d i t i o n  were c o n s i z e r e d  ( F i g .  6 t c ) ) .  
s e t  o f  p o i n t s  was chosen for  t h i s  p o r t i o n  o f  t h e  
a n a l y s i s  because each of t h e  two groups o f  v a l u e s  cases.  The c z  d e r i v a t i v e s  i n d i c a t e  an 
( i c e d  and un iced )  l e n d  themselves t o  l i n e a r  
a p p r o x i m a t i o n s .  Also, d e t e r m i n i n g  a p r e d i c t i o n  
i n t e r v a l  i n  t h i s  p a r t i c u l a r  case Serves t o  quan- 
t i t a t i v e l y  e n f o r c e  what i s  q u a l i t a t i v e l y  a v e r y  
n o t i c e a b l e  d i f f e r e n c e  i n  pa ramete rs  for t h e  i c e d l  e f f e c t  on a i r p l a n e  s h o r t  p e r i o d  s t a b i l i t y  and con- 
Th is  
F i g u r e s  5 and 6 show an a n a l y s i s  for  t h e  0" 
apparen t  l o s s  of e l e v a t o r  e f f e c t i v e n e s s ,  e s p e c i a l l y  
a t  low a i r s p e e d s  t h a t  co r respond  w i t h  h i g h e r  
ang les  of a t t a c k .  The p i t c h i n g  moment d e r i v a t i v e s ,  
Cma. Cmq. and Cmbe. which have an i m p o r t a n t  
u n i c e d  cases.  A f t e r  a p p r o x i m a t i n g  t h e  two groups 
o f  p o i n t s  by s t r a i g h t  l i n e s ,  p r e d i c t i o n  i n t e r v a l s  
abou t  these  l i n e s  were c a l c u l a t e d  as f o l l o w s :  




l i n e a r  a p p r o x i m a t i o n  o f  
Cm c o r r e s p o n d i n g  t o  
some ( v e l o c i t y )  v a l u e  
0 .05  t o  ach ieve  a 95 p e r c e n t  
p r e d i c t i o n  i n t e r v a l  
n number of p o i n t s  
t a * / ~ ,  n-2 s t u d e n t  t - d i s t r i b u t i o n  
S s t a n d a r d  e r r o r  ( can  he one 
I o f  t h r e e  l i s t e d  below) 
S P A ( Y )  = average o f  s t a n d a r d  e r r o r s  o b t a i n e d  
from t h e  computer program 
t r o l  c h a r a c t e r i s t i c s ,  a r e .  a l s o  more s t r o n g l y  
a f f e c t e d  by t h e  i c e  con tamina ted  h o r i z o n t a l  t a i l  
a t  low speeds. A t  h i g h e r  speeds, t h e  e f f e c t s  o f  
t a i l  i c e  become n e g l i g a b l e .  T h i s  a n a l y s i s  was 
suppor ted  by p i l o t  comments r e p o r t i n g  t h a t  a t  low 
speeds, t h e  " i c e d "  a i r p l a n e  was l e s s  r e s p o n s i v e  
t o  e l e v a t o r  c o n t r o l  i n p u t s ,  and more weakly  damped 
i n  p i t c h .  These comments, however, were n o t  based 
on s p e c i f i c  p i l o t i n g  t a s k s  n o r m a l l y  used i n  d e f i n -  
i n g  p i l o t  r a t i n g s ,  b u t  on t h e  p e r c e i v e d  r e l a t i v e  
d i f f e r e n c e s  ( c l e a n  ve rsus  i c e d )  i n  l o n g i t u d i n a l  
c o n t r o l  f o r c e ,  response,  and p i t c h i n g  moment cha- 
r a c t e r i s t i c s  w h i l e  p e r f o r m i n g  pa ramete r  i d e n t i f i -  
c a t i o n  maneuvers. F u r t h e r ,  t h e  magni tude o f  these  
e f f e c t s  were n o t  j udged  t o  be g r e a t  enough to  
change p i l o t  r a t i n g s  i f  such an  e v a l u a t i o n  were 
t o  have been c a r r i e d  o u t .  
I n  t h e  t e n  degree f l a p  cases,  F i g s .  7 and 8, 
t h e  e f f e c t s  o f  h o r i z o n t a l  t a i l  i c i n g  show an oppo- 
s i t e  t r e n d  when compared w i t h  t h e  0" cases.  
A n a l y s i s  o f  t h e  s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s  
show s l i g h t l y  degraded p i t c h i n g  moment c o e f f i c i -  
e n t s  up t o  speeds o f  a p p r o x i m a t e l y  90 k n .  Above 
t h e s e  speeds, t h e r e  i s  a more pronounced degrada- 
t i o n  i n  these  d e r i v a t i v e s ,  and t h i s  a n a l y s i s  was 
5 
a g a i n  v e r i f i e d  by p i l o t  comments. D o u b l e t  maneu- 
v e r s  pe r fo rmed  a t  100 k n  w i t h  a r t i f i c i a l  t a i l  i c e  
were accompanied by e l e v a t o r  f o r c e  l i g h t e n i n g  and 
a s t r o n g  " b u r b l e "  feedback i n  t h e  c o n t r o l s  a t  h i g h  
n e g a t i v e  p i t c h  r a t e s .  
assumed due t o  t h e  h i g h  t a i l  downwash a n g l e  induced 
i n  t h e  p i t c h  o v e r  p o r t i o n  o f  t h e  d o u b l e t  maneuver, 
caus ing  a s i g n i f i c a n t  amount o f  separa ted  f l o w  t o  
o c c u r  on t h e  h o r i z o n t a l  t a i l  p l a n e .  T h i s  o c c u r r e d  
a t  a low peak l o a d  f a c t o r  o f  a p p r o x i m a t e l y  0 g, 
wh ich  as ment ioned e a r l i e r  i n  t h i s  r e p o r t ,  was 
e r r o n e o u s l y  i n p u t  because t h e  c o c k p i t  g meter  r e a d  
i n c o r r e c t l y .  
Conc 1 us i ons 
Based on t h e  a n a l y s i s  and r e s u l t s  h e r e i n ,  two 
fundamenta l  c o n c l u s i o n s  were drawn r e g a r d i n g  t h e  
use o f  a M o d i f i e d  Stepwise Regress ion  a l g o r i t h m  
i n  e s t i m a t i n g  t h e  e f f e c t s  o f  i c i n g  on a i r c r a f t  
s t a b i l i t y  and c o n t r o l  c h a r a c t e r i s t i c s :  ( 1 )  The 
e f f e c t s  o f  t h e  a r t i f i c i a l  i c e  shape a t t a c h e d  t o  
t h e  t a i l  were measurable as changes i n  t h e  l o n g i -  
t u d i n a l  s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s  for  a l l  
f l i g h t  c o n d i t i o n s  t e s t e d ,  and ( 2 )  t h a t  a m u l t i -  
p l i c a t i v e  r e l a t i o n s h i p  was i d e n t i f i e d  between t h e  
ensemble s tandard  e r r o r  and t h e  e s t i m a t e d  s tandard  
e r r o r  from t h e  M o d i f i e d  S tepw ise  Regress ion  rou -  
t i n e .  The numer i ca l  v a l u e  r e p r e s e n t i n g  t h e  r a t i o  
o f  t h e  ensemble s t a n d a r d  e r r o r ,  t o  t h e  e s t i m a t e d  
s t a n d a r d  e r r o r  f r o m  t h e  program when ass igned  t o  
each c o n t r o l  or s t a b i l i t y  d e r i v a t i v e ,  a r e  i n d i c a -  
t i v e  of  t h e  l e v e l  of c o n f i d e n c e  one shou ld  have 
i n  t h e  e s t i m a t e d  v a l u e  o f  t h a t  pa ramete r .  
c a t e  t h a t  MSR i s  a v i a b l e  t e c h n i q u e  for  de te rm in -  
i n g  t h e  e f f e c t s  o f  i c i n g  on t h e  l o n g i t u d i n a l  
s t a b i l i t y  and c o n t r o l  c h a r a c t e r i s t i c s  o f  an a i r -  
c r a f t .  A p p l i c a t i o n  o f  t h i s  f l i g h t  t e s t  and ana ly -  
s i s  t e c h n i q u e  shou ld  p r o v e  v e r y  u s e f u l  f o r  
v a l i d a t i n g  s t a b i l i t y  and c o n t r o l  p r e d i c t i o n s  from 
wind t u n n e l s  or c o m p u t a t i o n a l  methods. 
T h i s  c h a r a c t e r i s t i c  was 
The r e s u l t s  o f  t h i s  f l i g h t  t e s t  program i n d i -  
Appendix 
P o s t u l a t e d  Models 
The s i x -deg ree -o f - f reedom e q u a t i o n s  of  m o t i o n  
f o r  t h e  a i r p l a n e  a r e :  
v2s 
v = - r u  + pw + g cos e s i n  4 + + cy 
w = -PV + qu + g cos e cos 4 + cz 
2 
L 
ir = -qw + r v  - g s i n  e + e cX ( A 1  ) 
(A2) 
I X Z  2 
21X = q r  [-I + ( p q  + i )  + LQ c 
(A4) 
(A5) 
i = pq  [-] + I X Z  ( p  ' - q r )  + 
(A6) 
a l o n g  w i t h  t h e  k i n e m a t i c  r e l a t i o n s  
6 = q cos 4 - r s i n  4 (A7) 
41 = p + ( q  s i n  41 + r cos 4 )  t a n  8 (A8) 
where u ,  v ,  and w a r e  t h e  v e l o c i t y  components; 
6 and 8 a r e  t h e  r o l l  and p i t c h  a n g l e s ;  g i s  
t h e  a c c e l e r a t i o n d u e  t o  g r a v i t y ;  p i s  t h e  a i r  den- 
s i t y ;  in i s  t h e  a i r p l a n e  mass; I x .  I y ,  I z  and 
I x z  and t h e  moments and p r o d u c t  o f  i n e r t i a ;  S ,  b, 
and c a r e  t h e  w ing  a rea ,  span and mean aerody-  
namic cho rd ;  and a d o t  o v e r  a symbol r e p r e s e n t s  
t h e  d e r i v a t i v e  w i t h  r e s p e c t  t o  t i m e .  The t o t a l  
a i r s p e e d  V i s  g i v e n  by 
Here, Eqs. ( A l ) ,  (A3 ) .  (A5 ) ,  and (A7) 
d e s c r i b e  t h e  l o n g i t u d i n a l  m o t i o n  w h i l e  Eqs. ( A 2 ) ,  
(A4) .  (A6 ) ,  and (A8) d e s c r i b e  t h e  l a t e r a l  m o t i o n  
o f  t h e  a i r p l a n e .  The ang les  o f  a t t a c k  and s i d e -  
s l i p  a r e  g i v e n  by 
a = t a n - l ( w / u )  and p = s i n - l ( v / V )  
sen ted  by t h e  c o e f f i c i e n t s  Ca(a = X,  Y ,  Z ,  1 ,  m, 
or n ) .  I t  i s  p o s t u l a t e d  t h a t  t hese  c o e f f i c i e n t s  
can be w r i t t e n  as a T a y l o r ' s  s e r i e s  p o l y n o m i a l  
expans ion  a b o u t  an e q u i l i b r i u m  t r i m  c o n d i t i o n  as 
The aerodynamic f o r c e s  and moments a r e  r e p r e -  
i 
a a ,o  (A9) 
i =1 
where 0 and a r e  t h e  unknown param- 
e t e r .  For  a = X ,Z ,  o r  m, t h e  independent  
v a r i a b l e s  x a r e  
a ,o 
j 
a, $, and be 
and for  a = Y ,1 ,  or n,  t h e y  a r e  
P. $ ,  r b  
Fur the rmore .  
AXj = x j ( t )  - X ( t  = 0) 
j 
References 
1 .  Ranaudo, R.J . ,  M i k k e l s e n ,  K.L. ,  McKn igh t ,  
R.C.,  and P e r k i n s ,  P.J . ,  J r . ,  "Per formance 
D e g r a d a t i o n  o f  a T y p i c a l  Twin Engine Commuter 
Type A i r c r a f t  i n  Measured N a t u r a l  I c i n g  Condi -  
t i o n s , "  A I A A  Paper 84-0179, Jan.  1984. (NASA 
TM-83564). 
2 .  M i k k e l s e n ,  K.L. ,  McKnight ,  R.C.,  Ranaudo, 
R.J . ,  and P e r k i n s ,  P.J . ,  J r . ,  " I c i n g  F l i g h t  
Research: Aerodynamic E f f e c t s  of I c e  and I c e  
Shape Documentat ion w i t h  S t e r e o  Photography,"  
A I A A  Paper 85-0468, Jan.  1985. (NASA 
TM-86906). 
6 
3. Ranaudo, R.J., e t  a l . ,  "The Measurement of 
A i r c r a f t  Per formance and S t a b i l i t y  and C o n t r o l  
A f t e r  F l i g h t  Through N a t u r a l  I c i n g  Condi- 
t i o n s " .  A I A A  Paper 86-9758, Apr .  1986. 
4. Jordan,  J.L., P l a t z ,  S .J . ,  and S c h i n s t o c k ,  
W.C., " F l i g h t  T e s t  Repor t  o f  t h e  NASA I c i n g  
Research A i r p l a n e , "  KSR 86-01, Kohlman Systems 
Research, I n c . ,  Lawrence, KS, 1986, NASA 
5 .  Maine, R . E .  and I l i f f ,  K.W., " A p p l i c a t i o n  of  
Parameter E s t i m a t i o n  t o  A i r c r a f t  S t a b i l i t y  
and C o n t r o l :  The O u t p u t - E r r o r  Approach," 
(NASA TM-87265). 
CR-179515. 
NASA RP-1168, 1986. 
I n e r t i a s ,  kg m2:  
I x x  
I Y Y  
122 
1 x 2  
6 .  K l e i n ,  V .  and Morgan, D . R . ,  " E s t i m a t i o n  o f  
B ias  E r r o r s  i n  Measured A i r p l a n e  Responses 
Us ing  Maximum L i k e l i h o o d  Method," NASA 
TM-89059, 1987. 
7. K l e i n ,  V . ,  B a t t e r s o n ,  J.G., and Murphy, P . C . ,  
" D e t e r m i n a t i o n  o f  A i r p l a n e  Model S t r u c t u r e  
from F l i g h t  Da ta  By U s i n g  M o d i f i e d  S tepw ise  
Regress ion,"  NASA TP-1916, 1981. 
21 279 21 787 
30 000 31 027 
44 986 48 639 
1432 1498 
TABLE I .  - PHYSICAL CHARACTERISTICS 
OF THE DEHAVILLAND DH-6 TWIN OTTER 
I C h a r a c t e r i s t i c  I Low I H i g h  1 
Geome tri c : 
Wing a rea ,  in2 
Wing s p a n ,  m 






I M a s s ,  kg 1 4150 I 4600 I 
7 
TABLE 11. - C H A R A C T E R I S T I C S  OF FLIGHT TEST I N S T R U M E N T A T I O N  
[21 channel  d i g i t a l  r e c o r d i n g  capab i  1 i t y  o f  t h e  f o l  l o w i n g  
parameters  such t h a t  f o l l o w i n g  u n i t s ,  ranges  and 
r e s o l u t i o n s  a r e  p r o v i d e d .  I 
Parameter 
czci 






Mean v a l u e ,  S tandard  e r r o r s a  R a t i o ,  e sE(e ) / s (e )  
S E ( 8 )  S(8) 
-5.66 0 .0493 0.0169 2 .9  
-19.97 1.047 .386 2 .7  
- .608 .028 1 .0122 2.3 
-1.31 .0147 .0191 .8  
-34.2 .6444 .4314 1.5 
-1.74 .0248 .0131 1 .9  
L o n g i t u d i n a l  a c c e l e r a t i o n ,  g u n i t s  
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TABLE 111. - MEAN VALUES OF STABILITY AND CONTROL 
DERIVATIVES CALCULATED FROM 45 REPEAT MANEUVERS 
USING MODIFIED STEPWISE REGRESSION. 
[ F l a p s ,  0"; 120 KIAS; b a s e l i n e  ( n o  i c e ) . ]  
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FIGURE 1. - NASA LEWIS RESEARCH CENTER ICING RESEARCH A I R -  
CRAFT, ALL DIMENSIONS ARE I N  M (FT).  
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(b) FULL SPAN VIEW OF THE ARTIFICIAL ICE SHAPE. 
FIGURE 2. - ARTIFICIAL MODERATE GLAZE ICE ATTACHED TO THE TAIL OF THE ICING RESEARCH 
A I RCRAFT , 
CRIGINAL PAGE IS 
OF POOR QUALITY 
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FIGURE 6. - PITCHING MOMENT COEFFICIENT DERIVATIVE 
ESTIMATES FOR 0' FLAP SHOWING THE EFFECTS OF TAIL 
ICING USING THE MSR TECHNIQUE. 20 ERROR BARS ARE 
FROM THE MSR PROGRAM. 
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FIGURE 7. - VERTICAL FORCE COEFFICIENT DERIVATIVE ESTI- 
NATES FOR 10' FLAP SHOWING THE EFFECTS OF TAIL ICING 
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FIGURE 8. - PITCHING MOMENT COEFFICIENT DERIVATIVE 
ESTIMATES FOR IOo FLAP SHOWING THE EFFECTS OF TAIL 
ICING USING THE MSR TECHNIQUE. 
FROM THE MSR PROGRAM. 
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FIGURE 9. - 95 PERCENT PREDICTION INTERVALS ON ELEVATOR 
EFFECTIVENESS VALUES FOR THE ARTIFICIALLY ICED VERSUS 
UNICED AIRCRAFT TAIL. WING FLAPS AT 0'. 
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